The physical based Water and Energy Budget -Distributed Hydrological Model with improved snow physics (WEB-DHM-S) was constructed to simulate the long-term hydrological processes in the Shubuto River Basin, Hokkaido, Japan. Long-term (1948Long-term ( -2006 simulation using high resolution JP-10 reanalysis data set showed slight to moderate decreasing trend in snow cover days and decline in snow water equivalent (SWE) in the basin. The model was forced with bias corrected Atmosphere-Ocean General Circulation Models (AOGCMs) outputs to explore the climate change impact on the basin hydrology. The AOGCMs predicted snowmelt induced peak flow to be occurred on average two weeks earlier with less snowmelt in the future. The paper delivered usable information of snow extent, snow depth and SWE and enhanced understanding of long term hydrological changes and uncertainties associated with the simulated climate signals. The present study provided direction for future research to reach more reliable conclusion.
INTRODUCTION
The transformation of precipitation into river runoff is complex, dynamic and exhibits spatiotemporal variability. Andrew 1) reported that water resource managers begin to plan for plausible future changes, both in terms of climate and the concomitant response of the region's hydrological cycle concerning snowmelt and runoff at the catchment scale. The present technological capabilities and availability of high resolution longterm reanalysis data enhanced our ability to identify and understand the hydrological processes at regional as well as basin scale. Modeling the long-term trends of snow cover variability by using reanalysis data set is of great importance as long-term forcing data set may not be available at all the regions 2) . To date, many reanalysis products such as ERA-40 3) , ERAInterim 4) , JRA-55 5) and NCEP/NCAR 6) have been developed by different leading institutions and being used by numerous scientists. However, little attention has been paid to the application of reanalysis data set in the evaluation of snow simulation. A multi decadal high resolution (10km) hourly data set, hereafter the product referred as JP10, over Japan has been developed for the years 1948 to 2006 at the Scripps Institute of Oceanography, USA. JP10 is dynamically downscaled from NCEP/NCAR reanalysis and includes most of 3-dimensional atmospheric state (temperature, wind speed, vertical velocity ω, height and humidity), and various surface fields (precipitation, evaporation, PBL height, surface air condition, radiation, etc.). Kanamaru et al. 7) reported that JP10 is capable of reproducing small scale detail which agrees better with station observations than the coarse resolution analysis. JP10 dataset are freely available to the public and the scientific community through the Data Integration and Analysis System (DIAS), The University of Tokyo, Japan.
Bhatti et al. 8) constructed physical based Water and Energy Budget -based Distributed Hydrological Model with improved snow physics (WEB-DHM-S) 9, 10) to investigate the impact of climate change on snowmelt runoff and snow water equivalent (SWE) by forcing the model with past (1981) (1982) (1983) (1984) (1985) (1986) (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) and future (2046-2065) AOGCMs data in the Shubuto River basin, Hokkaido, Japan. However; barriers to widespread use of climate change projections in water resources studies include long-term data availability and the knowledge to appropriately use this information for specific watershed studies. Climate change studies require adequate spatiotemporal sampling over a long period of time to address the consequences of changing climate at the basin scale. The principal goal of this study is to employ WEB-DHM-S to elucidate the long-term impact of changing climate on basin hydrological cycle and to predict the future (2046-2065) hydrological variability by driving the WEB-DHM-S with AOGCMs future outputs in the Shubuto River basin, Hokkaido, Japan.
The novelty of present research is as follow; i) the uniqueness of the present research is the application of the JP10 reanalysis data in simulating the interannual variability of snow processes during 58 hydrological years with the use of physically based three layered energy balance snow model (WEB-DHM-S); ii) to evaluate the long-term model performance to simulate snow depth and river runoff; iii) to drive WEB-DHM-S with AOGCMs output to explore the hydrological effects of anticipated climate change in the basin; iv) to address the impact of changing climate on the hydrological cycle during 1948 to 2006 in the basin and to what extent the climate impact is expected to alter the hydrology of the basin in the foreseeable future (2046-2065). The paper vital contribution is to construct comprehensive WEB-DHM-S model to diagnose the impact of changing climate in the cold region basin and to deliver usable information of snow extent, snow depth and SWE for long-term strategic planning and decision making regarding water resources management. The present research uncovered the uncertainties associated with the climate change trends and provide a way forwards to deeply explore the climate signals with high reliability.
STUDY AREA
The Shubuto River basin is located in Hokkaido Island, northern Japan (see Fig. 1 ). The river length is about 43.5 km with the entire watershed of 367.1 km 2 . The elevation ranges from 3m to 889 m above sea level. The average annual precipitation is about 1300 mm. The basin receives substantial solid precipitation during late November to early April. January and February are the coldest month in the basin. The snow-dominated mountain catchment characteristics make it suitable for performing assessment of long term hydrological changes in the basin.
METHODOLOGY

Model
WEB-DHM-S is a comprehensive and robust model developed by coupling three layered snow physics of Simplified Simple Biosphere, version 3 (SSiB3) 11) and albedo scheme of Biosphere Atmosphere Transfer Scheme (BATS) 12) into the Water and Energy Budget -based Distributed Hydrological Model (WEB-DHM) 13) . WEB-DHM-S is capable of long-term continuous simulation of hydrological process and can simulate the spatial distribution of snow variables such as snow density, snow depth, SWE, snow albedo, and runoff.
In WEB-DHM-S, a three layer energy balanced based snow scheme is introduced when the snow depth is greater than 5cm. The top layer thickness is kept at a fixed depth of 2 cm. The middle layer thickness is kept at maximum 20 cm, and the bottom layer represents the remaining body of the snowpack. Each model grid maintains its own prognostic snow properties and/or land surface temperature and soil moisture content. A surface energy balance equation is formulated only for the top layer. The heat budget of the second and third layers is controlled by the heat conduction and the penetrating shortwave radiation. The mass balance equations include three snow compaction processes, namely destructive metamorphism and densification due to snow overburden and compaction due to snow melting, are parameterized following Anderson 14) . The bulk density of ice for new snowfall is calculated following the formulation used in the CROCUS snow model 15) . The detailed description of the model equations and snow physics is comprehensively described by Shrestha et al. 9, 10) . A hillslope-driven runoff scheme employing a kinematic wave flow routing method is adopted in calculating runoff. The basin and subbasins are delineated employing the Pfafstetter scheme, and subbasins are divided into a number of flow intervals based on the time of concentration. All external parameters (e.g., land use, soil type, hillslope properties, and vegetation parameters) alongwith meteorological forcing dataset including precipitation are attributed to each model grid, in which water, energy, and CO2 fluxes are calculated. Threshold temperature is important factor for phase classification, because it determines the proportion of rainfall and snowfall in the total precipitation during winter. In many Japanese river basins, the daily averaged air temperature at which the probability of snowfall is 50% varies from 1.0C to 3.0 C 16, 17) . In present study 1.0C is used as the hourly threshold air temperature.
Model Input
A digital elevation model (DEM) data with 50m grid spacing provided by Geographical Survey Institute (GSI) of Japan is used to delineate the catchment boundary. A resampled grid of 250m resolution, aggregated from 50m DEM, is employed as the computation grid. The hillslope parameters (length and slope) for each model grid are obtained by preprocessing data from the fine resolution and resampled DEM. The vegetation static parameters were defined following Sellers et al. 18) by using USGS land use data. Moderate Resolution Imaging Spectroradiometer (MODIS-MOD15A2) global Leaf Area Index (LAI) and Fraction of Photosynthetically Active Radiation (FPAR) data sets with 1-km spatial resolution were used. Soil hydraulic characteristics were obtained from the Food and Agriculture Organization (FAO) global dataset (with a spatial resolution of 5 arc minutes). The MODIS/Terra Snow Cover 8-Day L3 Global 500 m Grid (MOD10A2), used for basin scale evaluation in this study, contains data fields for maximum snow cover extent over an 8-day repeated period. The hydrometrological data sets comprised of precipitation, surface air temperature, surface air pressure, relative humidity, wind speed, downward shortwave and longwave radiation were obtained from JP10 reanalysis data set.
AOGCM Selection
Twenty four AOGCMs from the CMIP3 dataset were evaluated by using DIAS, a model selection and data dissemination platform. To select AOGCMs, we applied criteria based on the spatial correlation (Scorr.) and the least root mean square error (RMSE) of climatologically key parameters such as precipitation, air temperature, outgoing long wave radiation and on a more regional scale sea surface temperature, sea level pressure, zonal wind and meridional wind. An index counter based on criteria (if Scorr > Scorrmean, index = 1, else index = 0) and the root mean square error (if RMSE < RMSEmean, index = 1, else index = 0) is applied to identify the AOGCMs showing good correlation in the investigated area. From suit of twenty four models, four AOGCMs; cccma_cgcm3_1_t63, csiro_mk3_0, miroc3_2_hires, miroc3_2_modres were selected. However, for brevity, the average of simulated discharge by four AOGCMs were presented in the study. SRESA1B 19) climate scenario for climate predictions is used for this study.
Bias Correction
Reanalysis products may offer large amount of biases that can result in unrealistic estimates of energy, mass, and momentum exchanges between the land surface and atmosphere 20) . The bias correction of JP10 data is performed by comparing the JP10 forcing with the forcing prepared by Bhatti et al. 8) for 1981-2000. A ratio-based approach is employed for the correction of precipitation, air temperature, shortwave and longwave radiation. The twenty year average of the biases in all meteorological forcing were applied to correct the long-term JP10 dataset. Downscaling of climate data is required to link AOGCMs projections to hydrological model. An improved three step statistical bias correction method was applied to correct AOGCMs precipitation 21) . However, a ratio-based approach is employed for the correction of AOGCMs air temperature, shortwave and longwave radiation. Inverse distance weighting technique was applied to interpolate the bias corrected JP10 and AOGCMs data sets.
RESULTS AND DISCUSSIONS
Model Performance Evaluation
The model was constructed for 58 hydrological years from October 1948 to May 2006. However, the observed discharge data at Minoribashi gauge was available from the year 2002. For this reason, the model performance was evaluated by comparing simulated discharge with the observed discharge for the year 2002-2006, as graphed in Fig 2. The simulated and the corresponding observed discharge found to be in agreement, whilst some discrepancies was noticed mainly attributed to input data sets during the snow season. For the year 2003-04, the Nash coefficient (NS) was found to be 0.63 and relative error (RE) was -10%. In hydrological years 2004-05 and 2005-06, the NS was 0.96 and 0.92 with RE 18% and 27% respectively. The deficiency between the observed and simulated discharge is due to several sources of uncertainties in the model simulation. Regarding the forcing data, precipitation has the largest uncertainty. An additional factor is the uncertainty in the interpolation of meteorological variables. The model performance in simulated snow cover area (SCA) is evaluated by qualitatively comparing spatial distribution of simulated snow cover area with the areal extent of MODIS snow cover area. Model output is taken as the maximum snow extent over 8-day, corresponding to the dates of the MODIS dataset. A model-output pixel was determined snow covered when the snow depth is greater or equal to 4cm 10) . As evident from the Fig. 3 , the snow season starts from November and snowmelt starts from April and completely diminish by the end of May. The model simulate the seasonal evolution of the SCA with high degree of accuracy.
The point scale model evaluation was done by comparing model simulated snow depth with the observed snow depth at Kuromatsunai station located in the basin. The snow depth is simulated for the entire period; however, the comparison was made for the year 1982-2006 owing to availability of observed snow depth data. The graphical representation (Fig.  4) revealed that the model reproduced snow depth patterns reasonably well and has ability to capture the snow extent at point and basin scale. 
Long-term (1948-2006) past trends of snow cover days, snow depth and SWE
Different snow depth thresholds (10cm, 25 cm, 50 cm and 100 cm) are selected to observe the longterm trends of snow cover days. Average continuous snow cover days from long-term simulation for these thresholds are calculated at 133 days, 114 days, 91 days and 53 days whereas these values for the observed snow depth during 1982-2006 are 119, 108, 79 and 34. Time series of simulated and observed snow cover days are depicted in Fig. 5(a-d) . Figure 5 demonstrate slight to moderate change in snow cover days for snow depth above 10, 25 and 50cm; however, the significant change in obvious in days for the snow depth above 100 cm. To further facilitate the discussion, the long-term trend in snow depth and SWE are drawn (Fig. 6a-b) . Negative trend in annual average snow depth is noticeable in Fig. 6a . The long-term trend of SWE has shown slight decrease in SWE from 1948 through 1965 and sharp decline afterwards. Also, the inter-annual variability in the average number of days below the threshold temperature is evident in Fig. 6c . To analyse longterm changes in the past by using JP10 data set, the JP10 data and simulated results are sub-divided into two groups; twenty year average of 1948 to1967 (referred as base period) and 1987 to 2006. The averaged solid precipitation contribution to the total precipitation has also shown decreasing trend during 1987-2006 as compared to the base period (Fig. 6d) . The decadal precipitation pattern of observed data at Suttsu and bias corrected JP10 data of corresponding grid was drawn (Fig. 6e) . The blue bar in Fig. 6e represents precipitation derived from JP10 data and gray bar responds to observed data. It is worth mentioning that precipitation is overestimated during 1948-1957; however, the difference between JP10 derived and observed precipitation decrease during 1957-67 and afterwards. Moreover, JP10 based precipitation has shown clear decreasing trend. Also, negative change in precipitation during winter (Nov-Apr) from 1987-2006 was observed in Fig. 6f . This decreasing trend associated with JP10 precipitation data caused sharp decline in SWE after 1965's. The discrepancy between observed and precipitation derived from JP10 reanalysis data needs attention. The winter precipitation is mainly associated with temperature gap between sea surface temperature (SST) and atmospheric temperature. The gap between SST and atmospheric temperature influence precipitation pattern. The relationship between SST and atmospheric temperature and precipitation derived from JP10 is needed to be explored in the future.
Future hydrological trends
To delineate the impact of changing climate on hydrological processes, the percentage changes in precipitation, rain and snow with reference to the past was examined. Past years (1967) (1968) (1969) (1970) (1971) (1972) (1973) (1974) (1975) (1976) (1977) (1978) (1979) (1980) (1981) (1982) (1983) (1984) (1985) (1986) were selected due to less difference between observed and JP10 derived precipitation. The spatial variation of percentage change in precipitation, rain and snow in the future (2046-2065) is demonstrated in Fig. 7 . Interestingly, all the AOGCMs have shown uniform direction of trend. Relative to the base period, decrease in snow and SWE is noticed in the future. AOGCM cccma_cgcm3_1_t63 and csiro_mk3_0 have shown maximal decrease while miroc3_2_hires and miroc3_2_modres have predicted less decrease in future precipitation. In case of rain, cccma_cgcm3_1_t63 and csiro_mk3_0 have shown different behavior with decrease in rain in the future. However miroc3_2_hires and miroc3_2_modres have shown distinct rainfall pattern with 10 to 30% increase over the basin. Importantly, all the AOGCMs have shown remarkable decrease in snow thus resulting in decrease in solid precipitation and SWE. With less snowfall, less snowmelt contribution to total discharge is expected in the future discharge. To elucidate the impact of changing climate on river discharge, the climatology of average trend of all the four AOGCMs is compared with twenty year average (1987-2006) simulated discharge produced by means of JP10 data set (Fig. 8) . Taken together, AOGCMs predicted peak flow to be occurred earlier by about two weeks as compared to the past. On average, two weeks of temporal shift is virtually certain in the availability of water resources in the basin. 
CONCLUSIONS
The present research provide useful information to enhance the understanding of long-term climate driven changes in the cold region. The physical based model (WEB-DHM-S) is driven with long-term high resolution data set (JP10) and AOGCMs output to examine and predict the hydrology of cold region river basin. The model forced with JP10 data sets provided reliable estimation of river discharge and captured the seasonal and interannual variability of snow processes in the basin. Slight to moderate reduction in snow cover days and decline in SWE is observed in the investigated basin. The basin demonstrated change in the hydrology of the basin during past (1948 to 2006). However, the change in basin hydrology is mainly associated with precipitation pattern derived from JP10. The hydrological trends of future (2046-2065) evidenced quantitative and temporal variability, on average two weeks earlier, in peak flow. The basin hydrology is expected to be altered with less snowmelt contribution to the river discharge in the future. The results of present study is not final. The finding of the research underlined the need to explore uncertainties associated with the results. We need to examine that simulated trends are actual signal of climate change or some other noises associated with the input data sets. The study provided direction for further research to reach more refined conclusion with high reliability.
